The impact of systematic model errors on a coupled simulation of the Asian Summer monsoon and its interannual variability is studied. Although the mean monsoon climate is reasonably well captured, systematic errors in the equatorial Pacific mean that the monsoon-ENSO teleconnection is rather poorly represented in the GCM. A system of ocean-surface heat flux adjustments is implemented in the tropical Pacific and Indian Oceans in order to reduce the systematic biases. In this version of the GCM, the monsoon-ENSO teleconnection is better simulated, particularly the lag-lead relationships in which weak monsoons precede the peak of El Niño. In part this is related to changes in the characteristics of El Niño, which has a more realistic evolution in its developing phase. A stronger ENSO amplitude in the new model version also feeds back to further strengthen the teleconnection. These results have important implications for the use of coupled models for seasonal prediction of systems such as the monsoon, and suggest that some form of flux correction may have significant benefits where model systematic error compromises important teleconnections and modes of interannual variability. This is a preprint of an article published in the Q. J. R. Meteorol. Soc. 131, 607, pgs 781-804.
INTRODUCTION
The Asian summer monsoon affects the lives of more than 2 billion people in India, China and the rest of south-east Asia, mainly through the reliance of agriculture on the timing, duration, and strength of the monsoon season. Sophisticated general circulation models (GCMs) are increasingly being used to predict these details of the monsoon season, potentially allowing crop sowing to be more efficiently timed or contingency plans to be made in the event of flood or drought seasons. However, the limited level of skill in dynamical forecasts for seasonal prediction means that they cannot be exclusively relied upon, and therefore empirical methods are still employed, such as by the India Meteorological Department, Rajeevan et al., (2004) .
The state of equatorial Pacific sea surface temperatures has long been regarded as an important predictor of the monsoon, with studies such as Charney and Shukla (1981) and Palmer (1994) suggesting that the low frequency Pacific SST variations pre-dispose the monsoon to either a strong or weak season. Ju and Slingo (1995) also noted that the causal relationship between the monsoon and ENSO was central to seasonal prediction. Thus, GCMs used for seasonal prediction should be able to simulate the teleconnection between equatorial Pacific SST variations and the monsoon. This teleconnection depends on the Walker circulation to deliver the Pacific SST signal to the Indian Ocean sector (see, e.g. Shukla and Paolino, 1983; Webster and Yang, 1992) . Further, Meehl and Arblaster (2002a,b) found that the monsoon and ENSO phenomena were part of a wider system termed the tropospheric biennial oscillation (TBO). This TBO involves a transition period in northern spring to the summer monsoon season such that a strong monsoon in the previous year is often followed by a relatively weak one in the following year. The transition period is heavily reliant on coupled land-atmosphereocean processes, with Indo-Pacific Ocean SST anomalies being dominant. Meehl et al. (2003) further stress the importance of SST forcing, whilst highlighting the fundamental role of the Walker circulation in linking the anomalous atmospheric conditions and ocean dynamics across the Indo-Pacific sectors.
Therefore, a GCM should not only be able to simulate the correct Pacific SST variability, but must also produce a correct simulation of the mean Walker circulation in order to reproduce the correct monsoon response to Pacific SST variations. Indeed, Sperber and Palmer (1996) found that GCMs which generate mean climatologies most closely in agreement with observations were more likely to simulate the correct interannual variability of tropical precipitation. So a poorly represented mean state may impact on global teleconnections, and consequently limit the prospects for seasonal monsoon prediction.
The purpose of this study is to examine the role of basic state errors on the simulation of the monsoon-ENSO teleconnection in the Met Office Hadley Centre coupled model HadCM3. A system of limited area flux adjustments will be used to reduce the systematic biases of the GCM in the equatorial Pacific and Indian Ocean basins. The impact of these changes on the simulation of ENSO variability and the teleconnection between ENSO and the monsoon will be assessed. Section 2 will describe the model formulation, datasets used, and experimental design. Section 3 will look at the impact of tropical Pacific SST errors on the basic state of the model and associated mean circulation, first noting the systematic errors to the mean summer climate, and then noting any improvements following flux adjustments. The impact of basic state changes on monsoon variability will be documented in section 4 and changes to the ENSO behaviour of the model will be described in section 5. The monsoon-ENSO teleconnection will be considered in section 6, followed by conclusions in section 7.
MODEL, OBSERVED DATASETS AND EXPERIMENTAL DESIGN (a) The HadCM3 coupled model
HadCM3 is a fully coupled general circulation model combining comprehensive atmosphere and ocean components. As a state-of-the-art coupled model, it was widely used to provide climate change scenarios for the Inter-governmental Panel for Climate Change (IPCC) Third Assessment Report (Houghton et al., 2001) . The simulated climate of HadCM3 is stable so that multi-century integrations can be performed with no significant climate drift, as noted by Johns et al. (2003) . Pope et al. (2000) provide a detailed description of the atmospheric component, HadAM3. The atmospheric component of HadCM3 has a regular grid of 3.75 • longitude by 2.5 • latitude, approximately comparable to a T42 spectral resolution. The default vertical resolution is 19 levels, but 30 levels are used in this study, halving the layer thickness in the mid-troposphere to 50mb. This produces more realistic representation of the intraseasonal behaviour of tropical convection such as the Madden-Julian oscillation (MJO), as found by Inness et al. (2001) .
The oceanic component has a uniform resolution of 1.25 • by 1.25 • with 20 levels in the vertical. Gordon et al. (2000) describe the design of the ocean component in detail. The ocean and atmosphere components of HadCM3 are coupled once per day. The L30 version of HadCM3 was integrated as a control run for 100 years, after a 10-year spinup period with initial conditions taken from an L19 integration of HadCM3. The L30 version of the model is also stable and its climatology is similar to that of the standard L19 version.
(b) Observed datasets Various observationally based datasets have been used to evaluate the model's performance, to identify the key systematic errors and to provide a description of monsoon variability and its teleconnections with El Niño. The recently completed ERA-40 (ECMWF Re-Analysis) dataset, covering 1958-1997, has provided the principle source of data for evaluating the model and describing monsoon variability. ERA-40 is based on a T159 L60 version of the ECMWF Integrated Forecasting System, incorporating externally produced analyses of sea-surface temperature (SST) from the Met Office (pre-1981) and NCEP (post-1981) . Since precipitation is regarded as one of the least reliable fields, quantitatively, from reanalyses, the Climate Prediction Center Merged Analysis of Precipitation (CMAP) dataset (Xie and Arkin, 1997) is also used to assess the model's mean climate. However, to study monsoon variability and its teleconnections with ENSO, ERA-40 precipitation is used since it provides a longer dataset. For consistency with the dynamical fields, sea surface temperatures from ERA-40 have been used through out this study, for model evaluation and for describing observed monsoon variability.
In addition, the All-India Rainfall (AIR) dataset (Parthasarathy et al., 1994) , based on rain gauge data, has been used to provide another measure of monsoon variability. These data have been obtained from http://www.tropmet.res.in (2003) . Data on oceanic temperature structure has been obtained from the Levitus dataset, Levitus and Boyer (1994) .
(c) Design of the flux-adjusted experiment
The role of the basic state in the simulation of the Asian summer monsoon and its variability is studied using a flux-adjusted integration of HadCM3 to correct errors in the mean tropical climate. The flux adjustment procedure was first carried out by Inness et al. (2003) , originally to investigate the sensitivity of MJO simulation to basic state errors in low-level zonal wind and SST, crucial components of the proposed coupled mechanism for the MJO. The coupled model on 30 levels is first run for 20 years, with the SSTs from 10 • S − 10 • N in the Indian and Pacific Oceans being relaxed back to climatology on a 14 day time-scale. † Between 5 • S − 5 • N the relaxation is applied in full, but is ramped down to zero at ±10 • such that SSTs outside of this band are freely evolving. The anomalous heat fluxes are saved and averaged to generate a mean annual cycle of flux adjustments. No adjustment is made to the wind stress. A second model integration for 100 years (HadCM3FA) then applies the flux adjustment cycle at the ocean surface. Daily flux adjustment values are interpolated linearly between monthly mean values. This strategy constrains the mean equatorial SSTs in the GCM close to observed values whilst still allowing variability of SST about the adjusted mean state.
THE INFLUENCE OF TROPICAL PACIFIC SST ERRORS ON THE GCM BASIC STATE
To determine the influence of the basic state on the simulation of the monsoon-ENSO teleconnections, the mean climate of the model first needs to be assessed. Inness † Adjustments are made to this narrow latitudinal region because we wish to have as small an impact as possible on the basic state of the GCM, whilst fixing the coupled systematic error in the equatorial region, as explained by Inness et al. (2003) . Figure 1 shows the mean surface temperature, 850mb winds and precipitation for HadCM3 in JJAS, together with differences from ERA-40 and CMAP. Typical of many coupled models, the central equatorial Pacific is too cold by about 3K, with the waters around the Maritime Continent being too warm. Across the equatorial Pacific the easterly trade winds are too strong by about 5ms −1 , and HadCM3 also develops excessive precipitation around the Maritime Continent. Inness et al. (2003) describe these low-level wind, precipitation, and SST errors in terms of a coupled mechanism whereby the strong easterly winds confine the warm pool to the Maritime Continent. Convection is also confined to this region and is too strong, driving a strong Walker circulation with strong trades. In the central and east Pacific the anomalous easterlies lead to upwelling of cold water via Ekman divergence. The zonal SST gradient across the Pacific is thus enhanced, further reinforcing the excessive trade winds in HadCM3.
Over the Indian Ocean sector the main features of the monsoon flow are reasonably well simulated by HadCM3. The strength and position of the low level monsoon jet are captured, although the westerly flow across India and the southern Bay of Bengal is rather strong. The cross-equatorial component of the flow extends too far eastward rather than being confined to the Somali jet, possibly related to the resolution of the atmospheric component of HadCM3. The main precipitation error in the Indian sector is a large dry bias just south of the equator in the centre of the Indian Ocean, arguably related to the systematic errors over the Maritime Continent (Neale and Slingo, 2003) . Over India itself, rainfall totals are slightly too high on the west coast and somewhat deficient in the north-west. HadCM3 thus features several indicators of a bias towards a strong monsoon in its mean summer climate, such as the enhanced Pacific trade winds and stronger monsoon westerlies (see, e.g. Webster et al., 1998) . So the model, although simulating the basic monsoon behaviour quite well, has some systematic errors, particularly in the Pacific sector, which may impact on the simulation of monsoon interannual variability. This will be investigated in section 4. . The amplitude of the annual cycle of flux adjustments ( Fig. 2(b) ) is generally small in this region, except in the upwelling region off the African coast. Figure 3(d) shows the impact of these flux adjustments on the JJAS SST climatology of HadCM3FA. As intended, the central equatorial Pacific has warmed by up to 2.5K and SSTs around the Maritime Continent have been reduced by up to 1.5K. The overall effect is thus to extend the west Pacific warm pool eastwards towards the date-line (Fig. 3(a) ) and to provide a better simulation of the zonal SST gradient.
The improved zonal temperature gradient across the west Pacific has reduced the anomalously strong easterly trades, whilst over the Indian Ocean, the zonal component of flow on the equator is more easterly. The monsoon flow across the Arabian Sea and the Indian peninsula is reduced, and there is an overall improvement in the simulation of the low level winds. Comparison of the precipitation changes (Figs. 3(f) and 1(f)) shows that the flux adjustments force precipitation changes which are opposite in sign to the systematic errors in HadCM3 throughout most of the Indian Ocean and Pacific sectors. In particular, the excessive precipitation around the Maritime Continent has been reduced, with more rain occurring along the west Pacific ITCZ, and also just south of the equator in the Indian Ocean. Over India itself, the west coast is drier in HadCM3FA. However, the north west of India, which was already too dry in HadCM3, is now even drier in HadCM3FA. These precipitation and wind changes over the tropical Pacific in both winter (see Inness et al., 2003) and summer, suggest that in HadCM3FA the Walker cells are more realistically positioned, with convection and ascent occuring some 30 • further east in the Pacific Ocean. This reflects the reduced zonal temperature gradient and less confined warm pool, an important point which will be returned to in section 6. Although the overall thermocline depth has not changed (not shown), the thermocline is more intense in HadCM3FA. As a simple measure, Meehl et al. (2001) used the 16 − 22 • C thickness at 155 • W. The average of this thickness over the integrations is 80m in HadCM3 but 68m in HadCM3FA. The flux adjusted value is clearly more realistic when compared to 41m in the Levitus ocean temperature dataset.
To look at the timing and extent of the monsoon in each of the datasets, a useful method is to consider the evolution of lower and upper level winds in the monsoon region. Figure 4 shows the mean annual cycle of upper (200mb) and lower (850mb) tropospheric winds, (after Webster and Yang, 1992) . The region chosen for study, 5 − 20 • N, 40 − 110 • E, covers India, Saudi Arabia, Thailand and the western part of the Maritime Continent, as well as most of the northern Indian Ocean including the Arabian Sea and Bay of Bengal. It is this region that undergoes the major shifts in wind associated with the Asian summer monsoon. Rather than undergoing a reversal in mid-April as in ERA-40, the low-level winds in HadCM3 change direction about a month earlier in mid-March (Fig. 4 ). Thus the anticyclone over the Arabian Sea is giving way to the Somali Jet just north of the equator in the Indian Ocean too early. The flux adjustments have made no significant alterations to the timing of the monsoon, both in terms of its onset and withdrawal, although at upper-levels the winds are about 5ms −1 more westerly in the preceding spring with flux adjustments. One of the factors contributing to the onset of the Asian Summer Monsoon is the dramatic warming of the Arabian Sea during spring, as discussed by Ju and Slingo (1995) . The observed SSTs rise through March and April and peak in May, before the strong monsoon flow in the form of the Somali Jet increases the upper ocean mixing and evaporation, as well as generating cold upwelling off the Somali coast. Thus SSTs fall, reaching a minimum in August. The retreating monsoon allows temperatures to rise again, peaking again in October. In both versions of the GCM, the same basic temperature cycle is present but substantially damped, as seen in Fig. 5 , suggesting that the early monsoon onset in HadCM3 is related to other factors such as land surface warming. After flux adjustments, the peak of Arabian Sea SSTs in May is slightly higher, but since flux adjustments in the Indian Ocean are minimal (Fig. 2) , the resulting difference between the two model versions is small. This suggests any changes in the nature of the monsoon are communicated by the atmospheric teleconnection to the Pacific, and are not due to different Indian Ocean behaviour. The seasonal cycle in the Arabian Sea is a fundamental error of the model and, as shown by Spencer et al. (2004a) , is related to major errors in the depth of the mixed layer. It is also possible that the warmth of the Arabian Sea during the monsoon season may be a contributory factor in the overly strong monsoon in HadCM3.
THE ROLE OF THE BASIC STATE IN MONSOON VARIABILITY (a) Representation of monsoon variability
Monsoon variability can be determined in several ways, from the study of the largescale circulation, to more localized indicators such as the rainfall over a particular area of interest. Here, a dynamical monsoon index (DMI), first suggested by Webster and Yang (1992) is used as a measure of the summer (JJAS) monsoon strength over the south Asia region (5 − 20 • N, 40 − 110 • E). The DMI is a measure of the anomalous zonal wind shear, representative of the heating in the atmospheric column of the south Webster and Yang (1992) . Note that the years in each of the two model runs are entirely independent.
Asia region, and defined as;
The brace indicates area averaging, and all velocities are meaned over the summer (JJAS) season. The use of such a measure allows the selection of extreme monsoon summers, which exhibit globally coherent patterns (see, e.g, Ju and Slingo, 1995; Webster et al., 1998; Sperber et al., 2000) . An alternative would be the selection of extreme seasons based on more local rainfall data, such as the All-India Rainfall time series. However, the extent to which GCMs can represent such localized rainfall variability is limited by their resolution, hence the choice here of the DMI as an index of the strength of the large-scale monsoon circulation. As will be noted later, the results are largely independent of the precise index used. Those years in which the DMI falls outside of half a standard deviation from the mean have been defined as strong or weak monsoons in terms of their circulation. The time series of the DMI for ERA-40 (40 years) and the 2 GCM integrations (100 years) are shown in Fig. 6 , along with the standard deviation for each time series. Note that in HadCM3, the interannual variability of the monsoon circulation is too weak, whereas in HadCM3FA it is too strong. Correlation between the summer (JJAS) dynamical monsoon index (DMI) and the AllIndia Rainfall (AIR) for the two models and the reanalysis/observations.
(b) Monsoon Interannual Variability in the GCM By compositing the dynamically strong and weak monsoon seasons, the global climate anomalies associated with anomalous monsoons can be constructed. Figures 7 and 8 show the strong minus weak difference plots of lower tropospheric wind with precipitation, and surface temperature respectively. These composites could also be made by using the All-India rainfall to define strong and weak years. If this is done (not shown here), the overall patterns are very similar to those shown in Figs. 7 and 8, the main difference being that the rainfall signal over India is stronger if AIR is used to define the composites. Table 1 shows the correlation between the summer monsoon wind strength (DMI) and Indian rainfall (AIR). For the model integrations the rainfall regions cover the Indian region as described by Gadgil and Sajani (1998) . For comparison with the models, the ERA-40 DMI is correlated with the All-India Rainfall gauge dataset. HadCM3FA features a stronger and more realistic relationship between monsoon dynamics and precipitation, consistent with the results shown in Fig. 7 .
In the reanalysis (ERA-40), strong monsoons have several characteristics, both local to India and further afield. Figure 7 (a) shows stronger easterly trade winds across all of the equatorial Pacific during strong monsoon summers. This is a well-known signature of strong monsoons, as suggested by Webster and Yang (1992) and Webster et al. (1998) . The South Pacific High is also found to be stronger, as noted by Meehl (1987) . Figure 7 (a) clearly shows a stronger south-westerly monsoon flow across India, continuing on over Thailand and Burma. As expected, India is wetter in strong monsoon years, but there are also precipitation signals elsewhere, with the north-west Maritime Continent and equatorial Pacific being drier and the south east Maritime Continent wetter.
In terms of surface temperatures ( Fig. 8(a) ), the results from ERA-40 show that SSTs in the central to eastern Pacific are reduced by up to 2K during strong monsoons, characteristic of a La Niña pattern and consistent with cold upwelling in the east and Ekman divergence at the surface with the strengthened trades. The stronger monsoon flow over the Arabian Sea causes stronger upwelling and increased evaporation, resulting in local cooling. Indian land surface temperatures are up to 2K cooler during strong monsoon summers, consistent with increased precipitation over the subcontinent (Fig.  7(a) ).
HadCM3 represents some of the features associated with monsoon interannual variability correctly but other aspects are less well captured. The monsoon flow across the Arabian Sea and India is stronger during strong monsoons, but this strengthening does not extend across the Bay of Bengal. Instead there is an increase in westerly flow on the equator in the eastern Indian Ocean, which is the equatorial branch of a cyclonic circulation in the southern Indian Ocean. The circulation error present over the Bay of Bengal in both versions of the GCM indicates a tendency of the models to have very tight zonal structures, an independent error not alleviated by flux adjustments. The increase in precipitation over India during strong monsoons in HadCM3 is rather weak. The strengthening of the Pacific trade winds is confined to the western Pacific, and the associated reduction in precipitation is also largely confined to the west of the date-line. The SST anomaly pattern associated with strong vs. weak monsoons in HadCM3 (Fig. 8(b) ) shows only a weak association with ENSO, although the cooling of the Indian Ocean and subcontinent surface are reasonably well captured. The largest negative SST anomalies occur near the date-line rather than in the East Pacific, which, with the strengthened trades only over the West Pacific, may be associated with the warm pool confinement in HadCM3. The flux adjustments in HadCM3FA have a significant effect on the interannual variability both of the monsoon and in the Pacific sector (Figs. 7(c) and 8(c) ). Consistent with the increase in the standard deviation of the DMI in HadCM3FA, the strong minus weak monsoon differences are also larger than in HadCM3. However, there are also changes to the patterns of wind, precipitation and SST differences. The enhancement of the Pacific trades during strong monsoon years now extends further to the east, with the associated reduced precipitation anomaly also extending further across the Pacific, although the maximum precipitation anomaly is still near the date-line. The La Niña-like SST signal is much stronger in HadCM3FA than HadCM3, although it still extends too far to the west, and remains very equatorially confined. This stronger signal in equatorial SST indicates a potentially stronger teleconnection between ENSO and the monsoon in HadCM3FA, which will be investigated in subsequent sections. Over the Indian sector, the pattern of the strong minus weak signal in HadCM3FA is generally the same as HadCM3 but rather stronger, particularly the enhanced westerly flow near the equator. The rainfall signal over India itself is also stronger than in HadCM3, despite the weakened summer-mean Indian rainfall shown in Fig. 3 . This suggests that stronger monsoon perturbations in HadCM3FA are due to stronger ENSO.
THE IMPACT OF THE BASIC STATE ON ENSO VARIABILITY
As Fig. 8 shows, the equatorial Pacific SST signal associated with interannual variability of the DMI is far stronger in the GCM when flux adjustments are applied, indicating that the teleconnection between ENSO and the monsoon is potentially much stronger in this version of the model. Before this teleconnection is investigated in more detail, the nature of ENSO itself in each of the model experiments needs to be evaluated. Standard deviations of the seasonally adjusted Niño-3 time series, (i.e. with the climatological cycle removed), are shown in Table 2 as a simple indicator of interannual variability. HadCM3FA has a larger standard deviation than HadCM3, which itself is slightly larger than the observed value.
The mean annual cycle of Niño-3 region SSTs provides a useful indication of the performance of a GCM in simulating equatorial Pacific SST. Figure 9 (a) shows that the mean seasonal cycle of Niño-3 SSTs is well captured by both versions of the model. However, the use of flux adjustments to correct the mean state in the Indo-Pacific Warm Pool has had a significant impact on the interannual variability of the Niño-3 SSTs. Figure 9 (b) shows the interannual standard deviation of Niño-3 SST anomalies for each month of the year. The standard deviation in all months is higher in HadCM3FA than HadCM3, further substantiating the enhanced SST variability in the adjusted model. The ERA-40 data indicate phase-locking of east Pacific SST variability to the annual cycle, with weakest variability in April and strongest in December, as found by, amongst others, Latif et al. (2001) . In contrast, HadCM3 has its minimum variability slightly too late, in May, which is partially corrected in HadCM3FA. However, it is worth noting that both model versions perform well in their representation of the annual cycle of Niño-3 SSTs when compared with other coupled models studied by Latif et al. (2001) . Another impact of flux adjustment has been its effect on the periodicity and regularity of El Niño. Figure 10 shows the power spectra of seasonally adjusted Niño-3 region SST anomalies. In this figure the extended Hadley Centre observed SST dataset (HadISST; Rayner et al., 2003) for the period 1900 to 1999 is used to give a comparable length of record to the model integrations. As noted by Guilyardi et al. (2004) , the HadCM3 spectrum is strongly peaked at timescales between 3 and 4 years, indicating that ENSO in HadCM3 is too periodic. In HadCM3FA, variability at all time-periods is stronger, and there is a broader distribution of power across a range of frequencies. One explanation for the increased SST variability may lie in the warmer mean climate resulting from the flux adjustments. Codron et al. (2001) , using a different coupled GCM, found that a warmer mean state in the Pacific caused interannual SST variability in the region to double. The current work confirms their results that the variability of tropical oceans is very sensitive to the mean state. The improved mean state has made the thermocline more intense (see section 3), and Meehl et al. (2001) have argued that those models with a high ENSO amplitude share this characteristic. Interestingly, the power spectrum for HadCM3FA shows much increased power on biennial timescales, and this will be discussed in section 6. The trade wind response to Niño-3 SST variations gives a simple indication of the coupling strength in a GCM. Figure 11 shows the relationship between the 10m zonal winds in the Niño-4 region (160 • E − 150 • W) and the Niño-3 SST anomalies (150 − 90 • W), computed from monthly mean data for each of the three datasets. The regression coefficients (gradient of the best-fit lines) are also shown. The distribution of Niño-3 SSTs in ERA-40 in Fig. 11(a) shows more frequent but minor cool events (La Niña), together with fewer but stronger east Pacific warmings (El Niño), whereas the two versions of the model tend towards a normal distribution, only slightly biased to a greater number of cold events. When considering the ocean-atmosphere coupling, it is clear that the variability of central Pacific trade winds in HadCM3FA is more closely coupled to Niño-3 SST variability than in HadCM3, although neither model version reproduces the observed strength of this relationship. This suggests that the surface winds in HadCM3FA can respond more realistically to east Pacific SST variations once some of the systematic biases have been removed. The more intense thermocline found in the flux adjusted model allows equatorial upwelling to tap into sub-thermocline waters more readily when a given wind variation is applied. Lengaigne et al. (2004) describe how a single strong equatorial West Pacific westerly wind event (WWE), applied to a coupled ocean-atmosphere model, was able to excite an El Niño in part through the generation of a downwelling Kelvin wave that propagates eastward, causing SST anomalies in the east Pacific. In addition, the WWE caused an eastwards extension of the Warm Pool, thus allowing convection and subsequent WWEs to extend further into the Pacific, reinforcing the developing El Niño. Their results suggest that stochastic forcing can broaden the spectrum of Niño-3 SST variability, moving the ENSO cycle away from a slowly evolving, rather predictable oscillation. Although a detailed study of the ENSO dynamics in HadCM3 is beyond the scope of this study, the occurrence of WWEs in the two model versions has been analysed. Figure 12(a) shows the number of WWEs of varying strengths that persist for longer than 5 days in ERA-40 and in the HadCM3 and HadCM3FA models. Flux adjustment removes some of the easterly bias inherent in HadCM3, so thresholds have been adjusted in Fig. 12 0  30E  60E  90E  120E  150E  180  150W 120W  90W  60W   0  30E  60E  90E  120E  150E  180  150W 120W  90W  60W   45S   30S   15S   EQ   15N   30N   45N   0  30E  60E  90E  120E  150E  180  150W 120W  90W  60W Oscillation (MJO), as found by Inness et al. (2003) . The greater stochastic forcing on intraseasonal timescales in HadCM3FA may contribute to the less regular ENSO cycle, already noted in Fig. 10 . The different nature of ENSO in HadCM3FA will obviously have a global impact through remote teleconnections. The influence of ENSO on global SST can be seen by correlating Niño-3 temperatures with global surface temperatures, as in Fig. 13 . In ERA-40 strong positive correlations extend broadly over the east Pacific, with a horseshoe pattern of negative correlations around this region. The positive correlations over the Indian Ocean indicate the result of atmospheric teleconnections with El Niño (see, e.g. Spencer et al., 2004b) . HadCM3 captures the main features of this pattern but with some differences. The positive correlations in the equatorial Pacific extend too far west, splitting the horseshoe pattern of negative correlations into two branches. In the east Pacific, the pattern is rather meridionally confined, a feature common to many coupled models. With flux adjustment, there is some improvement in the pattern of correlations over the Pacific although the Indian Ocean teleconnection has become consistently stronger, indicating that ENSO now has a greater bearing on behaviour in the Indian sector, as evident also in Fig. 8 . The strong link between the Pacific and Indian sectors in HadCM3FA is consistent with a TBO system described by Meehl and Arblaster (2002a,b) and Meehl et al. (2003) . El Niño evolution can be described by lag-lead correlations of Niño-3 SSTs with SSTs across the whole of the equatorial Pacific. Figure 14 shows the correlations between winter season (DJF) Niño-3 SSTs and monthly-meaned equatorial (2.5 • N − 2.5 • S) Pacific SSTs for the 18 months preceding and following the peak of El Niño. The correlations with the ERA-40 data indicate that El Niño is associated with warming across the central and east Pacific, as well as cooling of the west Pacific warm pool as the thermocline deepens in the east and rises in the west. In the winter and spring before the peak of El Niño, a lobe of positive correlations is seen in the region 150 − 180 • E, representing pre-El Niño extension of the warm pool, often associated with anomalous westerlies (see, e.g. Lengaigne et al., 2002) . As already noted in Fig. 13 , El Niño extends too far west in HadCM3, and the confinement of the warm pool means that the negative correlations at 140 • E are limited when compared to observations. In addition, there is no proper representation of the pre-El Niño warm pool extension, potentially an important part of the evolution of ENSO. The negative correlations before and after El Niño are also too strong, in part because El Niño in HadCM3 is too regular, with a periodicity in the region of 36 months. This regularity was also noted in the CNRM coupled model by Ashrit et al. (2003) . Flux adjustments lead to some improvements in the evolution of El Niño. There is now some evidence, albeit weak, of negative correlations in the West Pacific. The presence of a positive lobe in spring between 150 • E and 180 • E in Fig. 14(c) shows that HadCM3FA is reproducing the pre-El Niño warm pool extension, consistent with the increased westerly wind activity shown in Fig. 12 . The negative correlations in the boreal summers are less pronounced in HadCM3FA, indicating again that ENSO is less periodic in its strongest mode, supporting Fig. 10 .
THE BASIC STATE AND MONSOON-ENSO TELECONNECTIONS
The monsoon-ENSO teleconnection is arguably the strongest link between the Asian summer monsoon and other global phenomena, and has been studied as far back as the 1920s by Gilbert Walker (e.g., Webster and Yang, 1992) . In coupled models used for seasonal prediction of the monsoon, it is therefore important that the Pacific SSTs are well simulated, and also that the signal from the equatorial Pacific is correctly transmitted to the monsoon region.
It was shown in section 4 that there is a stronger Pacific SST signal during anomalous monsoon years when flux adjustments are applied to HadCM3, suggesting a stronger teleconnection, and in section 5 that the interannual Niño-3 variability is stronger and less regular in HadCM3FA than the standard version of the GCM. The monsoon-ENSO teleconnection will now be examined in more detail. Figure 15 shows the correlation between the monthly Niño-3 time series (through the whole year) and indices of the strength of the summer monsoon. Considering first the large-scale monsoon variability, represented by the DMI, Fig. 15(a) shows that in ERA-40, the strongest inverse correlation occurs in the middle of the monsoon season, between July and August. Thus high boreal summer surface temperatures in the Niño-3 region (El Niño) correlate well with dynamically weak monsoons in agreement with many other studies (e.g Shukla and Paolino, 1983; Webster and Yang, 1992) . Prior to the monsoon the negative correlations only become significant during March-April, a manifestation of the predictability barrier first suggested by Webster and Yang (1992) , in which equatorial Pacific SST conditions prior to April are of little use in summer monsoon prediction.
Furthermore, the ERA-40 results show slightly larger negative correlations after the monsoon than before, suggesting that the monsoon leads El Niño.
HadCM3 does not represent the timing of the teleconnection correctly, instead finding May Niño-3 SSTs to be most strongly correlated with monsoon strength (Fig. 15(a) ). The shape of the correlation curve is also incorrect, with no obvious spring predictability barrier; instead the negative correlations are significant from the preceding autumn. Also the lag correlations after the monsoon are insignificant, suggesting that in HadCM3 the monsoon has little influence on El Niño. Thus HadCM3 is not correctly reproducing the monsoon-ENSO teleconnection, even though the mean monsoon is quite well simulated. By correcting the systematic errors in the Indo-Pacific region, the teleconnections between the monsoon and ENSO are dramatically improved in HadCM3FA. The maximum negative correlation now occurs in summer although its strength supports the result that ENSO plays a more dominant role in monsoon behaviour than before. The spring predictability barrier is also simulated in HadCM3FA, with the negative correlation being insignificant until March preceding the monsoon. The asymmetry in the lead-lag correlations is even more pronounced in HadCM3FA than in ERA-40, suggesting that the monsoon has a significant influence on the evolution of El Niño. Hence in HadCM3FA the monsoon could be regarded as becoming, 'more active in world weather', to paraphrase Normand (1953) .
Looking back at the Pacific SST power spectra in Fig. 10 , increased power is found at quasi-biennial timescales in HadCM3FA. Kim and Lau (2001) found the key to quasibiennial tendency in El Niño evolution to lie in the strong coupling of ENSO to monsoon wind forcing in the west Pacific. Manually increasing the surface wind response to SST anomalies in their simplified GCM made the ENSO system more biennial, and in our study Fig. 11 indicates that the air-sea coupling strength has increased in HadCM3FA. Lau and Wu (2001) noted some observational evidence for strong monsoon-ENSO interactions during El Niño events with a strong biennial tendency, whilst Wu and Kirtman (2004) found that a strong biennial tendency was possibly due to the strong monsoon-ENSO interaction in their model. However, they concede that systematic model bias may also be the cause, illustrating the difficulty in drawing such conclusions in coupled model experiments.
So far the monsoon-ENSO teleconnection has been described in terms of the dynamical monsoon index (DMI). It might be argued that a more localized index such as All-India Rainfall is more relevant to the seasonal forecasting issue. Fig. 15(b) also shows lag-lead correlations with east Pacific (Niño-3) SSTs, but this time with seasonal (JJAS) All-India Rainfall from Parthasarathy et al. (1994) . The grid squares chosen for the Indian region in the models were as in Gadgil and Sajani (1998) . ERA-40 rainfall data were interpolated onto the model grid, allowing the same squares to be selected. The results show that only with flux adjustment is the model able to capture the seasonality of the teleconnections between the monsoon and ENSO. Again the asymmetry in the leadlag correlations support the role of the monsoon as an active rather than passive player in El Niño, and that it is only HadCM3FA that is able to capture that role. Interestingly, comparison of the results from ERA-40 with those from the observed All-India Rainfall suggests that the reanalysis is barely able to capture the known correlation between monsoon rainfall and ENSO.
The greater amplitude of ENSO has some role to play in the strengthening of its teleconnection with the monsoon. However, this only forms part of the argument. Looking again at El Niño evolution, 10 warm events have been composited from each model integration into a two-year period, shown in Fig. 16 . This equatorial composite shows SSTs rising to the peak in boreal winter then falling afterwards. The warmest waters are clearly shifted eastward in HadCM3FA, extending past the dateline. So the reduction in the mean state zonal temperature gradient and warmer central Pacific project onto the ENSO system. The strong teleconnection in HadCM3FA must be due to a combination of both the larger ENSO amplitude and an improved (warmer) mean state. The warmer mean state means that weak El Niño events in HadCM3FA will be more likely to drive the monsoon system via the telconnection than in HadCM3, whilst larger events caused by the higher amplitude will push the highest absolute SSTs even further east into the teleconnection region, further strengthening the connection with the monsoon.
CONCLUSIONS
The substantial change in the strength and timing of the monsoon-ENSO teleconnection when flux adjustment is used in the equatorial Indo-Pacific region is a striking result that has important implications for the seasonal predictability of the monsoon. As described in the previous sections, using flux adjustments to improve the basic state of a coupled model has had several impacts. Both HadCM3 and HadCM3FA simulate the mean characteristics of the Asian Summer monsoon reasonably well. However, HadCM3 has significant errors in equatorial Pacific SST, low-level winds and precipitation, which are largely corrected when a minimal set of flux adjustments are applied in the equatorial Indian and Pacific Oceans. As a result, the interannual variability of the Asian monsoon increases from being too weak in HadCM3 to being somewhat stronger than observed in HadCM3FA, whilst the teleconnection between east Pacific SSTs and the monsoon is significantly improved. The improved basic state means that the warmest SSTs along the equator are moved further east during El Niño events. This warm water takes the convection with it, shifting the rising branch of the Pacfic Walker circulation, and strengthening the teleconnection in the Niño-3 region. ENSO variability becomes stronger in HadCM3FA, feeding back to further strengthen the teleconnection, and the spectrum of Niño-3 variability is also broadened, possibly due to an increase in stochastic forcing in this version of the model. ENSO behaviour on biennial timescales is also increased, related to the strengthened monsoon-ENSO coupling. Thus changes in the basic state climate of a coupled model can have significant impacts on the behaviour of El Niño and on the simulation of teleconnection patterns that are known to lend predictability to regionally important circulation patterns such as the Asian monsoon.
The changes in monsoon-ENSO teleconnection strength and timing when the basic state of the GCM is changed have important implications for the use of coupled GCMs in seasonal prediction. Most coupled GCMs develop significant systematic errors over the period of a seasonal forecast integration, and so a common technique is to linearly subtract the mean state of the model from the forecast fields to produce "anomaly forecasts". However, if the model biases are themselves leading to incorrect representations of the SST variability and their teleconnections that partially drive seasonal to interannual variations in weather patterns, this anomaly forecast approach would not be sufficient to compensate for the biases in the GCM. In other words, as the results of this study have demonstrated, the coupled system is far from linear. A pragmatic solution to this problem may be the adoption of flux adjustment techniques in seasonal forecast models to constrain the basic state of the model whilst still allowing internal variability of the coupled climate system. Whilst such an approach is considered unacceptable for long-term climate change prediction, it may still have potentially beneficial applications in seasonal forecasting.
